The role of the Ca2"-sensitive phospholipid-dependent protein kinase C (PKC) was studied in cultured rat aortic smooth-muscle cells, known to respond to angiotensin II (Ang II) by producing prostacyclin, determined by the release of 6-oxo-prostaglandin F1a. PKC activity was measured in the cytosol and the solubilized membrane fraction after DEAE-cellulose chromatography using a linear NaCl gradient. Ang II stimulated the activity of PKC in the cytosolic and in the membrane fractions of aortic smooth-muscle cells. These increases in PKC activity were concentration-dependent and occurred rapidly, reaching a plateau within 10 min. In contrast, phorbol 12-myristate 13-acetate (PMA) rapidly decreased cytosolic PKC activity and at the same time increased membrane PKC activity to reach a plateau after 20 min. Cytosolic PKC activity from control and Ang II-stimulated cells was found to be less dependent on [Ca2"] than was the highly [Ca2"]-dependent membrane PKC activity from the same cells. In contrast, membrane PKC activity from PMA-treated cells was largely [Ca2"]-independent. In the presence of 10 nM-PMA, the sensitivity of cultured smooth-muscle cells towards Ang II was increased, and maximal values of Ang 11-induced prostacyclin production were enhanced by about 60 0. In cells incubated with both Ang II and PMA, an additive effect on membrane PKC activity was observed, whereas cytosolic PKC activity was suppressed as in cells treated with PMA alone. These results suggest that an increase of the membrane, but not the cytosolic, PKC activity represents a positive signal in the prostacyclin production induced by Ang II stimulation of aortic smooth-muscle cells. PMA seems to induce a state of activation of membrane PKC which does not need increased intracellular [Ca2"] to be fully expressed, whereas Ang 11-stimulated membrane PKC activity requires higher Ca2" concentrations. The possibility exists that the addition of both signals leads to the augmentation of Ang II-stimulated prostacyclin production.
INTRODUCTION
Several studies have reported that cultured aortic smooth-muscle cells respond to Ang II-receptor stimulation by an increase in cytosolic free Ca2" [1] [2] [3] [4] . It is now well established that polyphosphoinositide metabolism leading to the formation of Ins(1,4,5)P3 and 1,2-diacylglycerol plays a key role in the generation of intracellular signals for hormones which act by increasing cytosolic free Ca2" [5] [6] [7] [8] . In vascular smooth-muscle cells it has been shown that Ang II induces a transient increase in Ins (1, 4, 5) P3 [1, 4, 9, 10] and a biphasic 1,2-diacylglycerol formation [10] . Diacylglycerol induces association of PKC with the cell membrane and, along with Ca2", activates the enzyme [8, 11, 12] . Such PKC activation and subcellular redistribution have been associated with an activation of the cell leading to the biological response. Experimental evidence indicates that the Ins(1,4,5)P3/ Ca2" system is responsible for the initial phase of the cellular response, whereas the 1,2-diacylglycerol/PKC system is essential for the sustained phase of the cellular response to hormonal stimulation [13, 14] Preparation of rat aortic smooth-muscle cells Rat aortic smooth-muscle cells were isolated by enzymic dispersion by a modification [2] of the method of Gunther et al. [15] . Briefly, the thoracic aortas from six female Wistar rats (40-50 days old) were removed and transferred on ice in Dulbecco's medium containing 25 mM-Hepes buffer, 2 mM-L-glutamine, 100 units of penicillin/ml and 100 ,tg of streptomycin/ml. The aortas were dissected free of surrounding tissues and the adventitia were stripped off with a watchmaker's forceps under a binocular microscope. The minced media were then incubated for 2 h under constant agitation at 37°C in 6 ml of a dissociation mixture containing Dulbecco's medium with 2 mg of collagenase type I/ml, 0.5 mg of elastase/ml and 1 mg of soya-bean trypsin inhibitor/ml. The supernatant containing the dispersed smooth-muscle cells was then collected, and the cells were washed twice with Dulbecco's medium without foetal-calf serum, plated in two 90 mm-diam. Petri dishes and cultured at 37°C in a humidified atmosphere of air/CO2 (19:1). After 2 h the medium was supplemented with 100 foetal-calf serum. Cells were adherent after 24 h, and confluent monolayers were usually obtained after 7 days with a cell density of about 107 cells/Petri dish. Confluent cultures were passaged as described by Capponi et al. [2] , and after two to four passages the cells were subcultured either in multiwell plates to determine prostacyclin production or in 90 mm Petri dishes to measure PKC activity. After four passages, the cultured cells still contained a predominant vascular-smooth-muscle-specific a-type actin, as determined by two-dimensional gel electrophoresis [16, 17] .
Cells of the third to the fifth passage were employed in this study. No difference in response of smooth-muscle cells to the experimental conditions described in this paper were observed when cells of the third to sixth passage were used (results not shown).
Functional tests
Aortic smooth-muscle cells, seeded into multiwell plates or 90 mm Petri dishes, were washed and incubated for 20 min at 37°C with 1 ml or 10 ml, respectively, of a Krebs-Ringer buffer [18] , containing 0.2 % bovine serum albumin and 0.2% glucose. The supernatant was then replaced by fresh buffer, and the cells were incubated at 37°C with air/CO2 (19:1) , in the presence of various stimulators of prostacyclin production. At the end of the incubation period, the prostacyclin content of the media was determined by a specific radioimmunoassay of its stable metabolite 6-oxo-PGF1. as described previously [18] , by using tritiated 6-oxo-PGF1, and a specific rabbit antiserum. Cross-reactivity was < 2 % for PGE1 and PGF2a9 < 0.5% for 6-oxo-PGE, and PGE2 and < 0.05 % for thromboxane B2 and cyclopentaneacetic acid y-lactone. The intra-and inter-assay coefficients of variation of the assay were 4 % and 8 % respectively; the sensitivity of the assay was 3 pg. Purification of protein kinase C PKC activity was almost undetectable in crude cell fractions, but was expressed after DEAE-cellulose chromatography, indicating that crude cell fractions contain probably an inhibitor of PKC and/or a Ca+-dependent proteinase. Inhibitors and/or phosphatases are removed by this procedure [19] .
The various cell fractions were applied to a DEAEcellulose column (2.5 cm x 0.9 cm) equilibrated in buffer B (20 mM-Tris/HCl, pH 7.5, 2 mM-EDTA, 2 mM-EGTA and 10 mM-dithiothreitol). The columns were washed with 2 x 1 ml of buffer B. No enzyme activity was detected in these eluates. The kinase activity was eluted with a linear NaCl gradient (0-0.3 M) in buffer B. A first phospholipid-dependent peak of activity for both the soluble and the particulate forms of protein kinase was eluted with 0.05-0.12 M-NaCl. The activity of the soluble and the particulate forms represented about 800% and 200, respectively, of the total eluted activity.
PKC assay
A portion (100 ,ll) of each fraction from the column was assayed for PKC activity by a modification of the method of Kraft et al. [20, 21] . Protein kinase activity was determined by measuring the transfer of 32p from (4 ,ug) , added as a lipid suspension in 100 mM-Tris/HCl, pH 7.5. The reaction was carried out at 30 'C for 10 min and was stopped by adding 2 ml of 120 (w/v) trichloroacetic acid in the presence of 600 ,ug of y-globulin added as carrier. After centrifugation (3000 g, 2 min), the pellet was dissolved in 0.5 ml of 1 M-NaOH and precipitated again with 12 % trichloroacetic acid. After a second centrifugation the protein precipitate was dissolved in 0.5 ml of 1 M-NaOH, and 32Pincorporation was measured by scintillation counting in Pico-Fluor 15 (Packard).
Measurement of [Ca211
In order to analyse the Ca2+-dependency of cytosolic and membrane-associated PKC, the CaCl2 concentration in the reaction mixture, used for assessing PKC activity, was varied from 0 to 0.46 mM-CaCl2. Since the final reaction mixtures contained not only CaCl2 but also 0.5 mM-EGTA and 0.5 mM-EDTA (from the fraction of the column), 6 .9 mM-MgCl2 and a phospholipid suspension (4 ,ug of diolein, 80 jug of phosphatidylserine) or 100 mM-Tris without phospholipids, [Ca2+] was measured in the final reaction mixtures with a Ca2+-selective minielectrode, prepared and calibrated as previously described by Prentki et al. [22] . These mini-electrodes have been shown to be 105 times more selective for Ca2" than for Mg2" [23] . RESULTS Effects of Ang II and PMA on subcellular distribution of PKC activity and on prostacyclin production in aortic smooth-muscle cells PKC activity was measured in both the cytosol and particulate fraction of aortic smooth-muscle cells that were untreated or incubated with either 50 nM-Ang II or 0.1,IM-PMA for 20 min (Fig. 1) . A phospholipiddependent peak of activity for both the soluble and the particulate forms of PKC was eluted with 0.05-0.12 MNaCl. The activity of the soluble and particulate forms represented about 8000 and 20%, respectively, of the total eluted activity. As shown in Fig. 1 , exposure to 50 nM-Ang II resulted in an increase in both the cytosolic and the membrane-associated PKC activity, whereas incubation with 0.1I tM-PMA for 20 min caused a decrease of cytosolic and an increase of membrane PKC activity. Fig. I represents a typical example from a series of seven experiments that consistently gave the same type of results. The changes in PKC activity and in prostacyclin production were time-dependent processes, as shown in Figs. 2 and 3. Ang II rapidly increased both cytosolic and membrane-associated PKC activity to reach a plateau within 20 min. Ang II-induced prostacyclin production was evident within 5 min and reached a plateau after 20 min of incubation (Fig. 2) . In contrast, PMA rapidly decreased cytosolic PKC activity and increased at the same time membrane PKC activity to reach a plateau within 20 min (Fig. 3) . PMA-induced prostacyclin production was evident only after 10-20 min of incubation, as is shown in Fig. 3 .
Ang II increased cytosolic and membrane PKC activity and prostacyclin production in a concentration-dependent fashion, with an EC50 (concn. giving half-maximal effect) of 1 nm for all three parameters. The PMAinduced increases in prostacyclin production and membrane PKC activity and the decrease in cytosolic PKC activity were also concentration-dependent, with an EC50 of 50 nM.
Ca2l-dependence of cytosolic and membrane PKC activity in untreated and in stimulated cells PKC activity was shown to be dependent on the simultaneous presence of both Ca2l and phospholipids. A maximal increase in PKC activity was observed when phosphatidylserine (333 ,tg/ml), diolein (17 ,ug/ml) and CaCl2 (460 nM) were added to the final reaction mixture (see the Materials and methods section). Since the final reaction mixture contained also partially purified cytosolic or membrane cell fraction and the Ca2+ chelator EGTA, the Ca2+ concentration in the final reaction Vol. 259 Ca2". Similar Ca2+ concentrations were found whether the final reaction mixture contained partially purified PKC from the cytosol or from the membranous fraction. As shown in Fig. 4 (Fig. 4) . In contrast, membrane phospholipid-dependent kinase activity from PMA-stimulated cells was largely Ca2+_ independent. At a Ca2+ concentration below 30 nm we still found 57 + 3 % of the activity observed in the presence of 730 nM-Ca2+. Cytosolic PKC activity from control and from Ang IT-stimulated cells was found to be less dependent on Ca2`than was the membranous PKC activity from the same cells (Fig. 4) additive effect on membrane PKC activity was observed, but cytosolic PKC activity was suppressed as in cells treated with PMA alone (Fig. 5) . Enhanced prostacyclin production of intact cells stimulated with PMA and/or Ang II was correlated with an increase in PKC activity in the membrane fraction as compared with control values.
The influence of PMA on the concentration-dependence of Ang 11-stimulated prostacyclin production is shown in Fig. 6 . Exposure of smooth-muscle cells to 10 nM-PMA for 1 h increased basal prostacyclin production from 0.63 + 0.05 to 1.17 + 0.08 ng/mg of protein. Incubation with 0.1 nM-Ang II alone did not change basal prostacyclin production, but further addition of 10 nM-PMA increased prostacyclin production to 2.49+0.10ng/mg of protein, which represents an increase of 295 00 over control and of 113 00 over PMAtreated cells. Also in the presence of 10 nM-PMA, maximal values of Ang II-stimulated prostacyclin production were increased by about 600%, from 2.56+0.06 to 4.25 + 0.13 ng/mg of protein (Fig. 6 ). This PMA-induced augmentation of Ang II-stimulated prostacyclin production was found to be time-dependent. As shown in Fig. 7 , cells were incubated with Ang 11 (50 nM) and/or PMA (0.1 JIM) for the indicated times. Ang II rapidly increased prostacyclin production to reach a plateau within 10-20 min. In contrast, PMA-stimulated prostacyclin production was evident only after 20 min and had not reached a plateau after 1 h. However, PMA caused a rapid augmentation-of Ang IT-stimulated prostacyclin production, which was detectable within 5 min and reached a plateau within 20 min.
DISCUSSION
The present study demonstrates that PKC is present in the cytosolic and the solubilized membrane fractions from cultured rat aortic smooth-muscle cells.
Stimulation of aortic smooth muscle cells with Ang IT resulted in a rapid concentration-dependent increase of both the cytosolic and the membrane PKC activity, and in a corresponding rapid enhancement of prostacyclin production. Thus Ang II did not, as expected from previous studies in other cell systems [21, 24] [26, 27] . However, PMAstimulated prostacyclin production was evident only after 10-20 min of incubation. Thus it appears that the sustained phase of PMA-induced prostacyclin production requires maximal membrane PKC activity. In contrast, for Ang TI-induced prostacyclin production, which is supposed to be the result of increased cytosolic [2] . In our study, we found that membrane-associated PKC activity was more dependent on Ca2+ concentration, in both control and Ang IIstimulated cells, than cytosolic PKC activity. In contrast, membrane PKC activity from PMA-stimulated cells was largely Ca2+-independent. These observations were made on enzymes partially purified with DEAE-cellulose, suggesting that the various degrees of Ca2+-dependency are due to intrinsic differences in enzyme activity rather than to different sensitivities to activators or inhibitors of PKC.
The effects of PMA on the cellular PKC system could possibly be explained by an intercalation of the PMA-PKC complex into the cell membrane and a subsequent limited proteolysis of the PKC to produce a form which is largely Ca2"-independent. In aortic smooth-muscle cells PMA not only stimulated prostacyclin production [28] but also augmented the response to Ang II, as we have shown in this study. In cells treated with PMA and Ang II an additive effect on membrane PKC activity was observed, whereas cytosolic PKC activity was suppressed as in cells treated with PMA alone. These observations suggest that an increase of the membrane but not of the cytosolic PKC activity represents an important intracellular signal during Ang II stimulation of aortic smooth-muscle cells.
We have shown for the first time that addition of PMA to smooth-muscle cells has different effects on the cellular PKC system from those caused by the Ang IL-induced increase of intracellular diacylglycerol and [Ca2"]. PMA appears to induce a state of activation of membrane PKC which does not need increased intracellular [Ca2"] to be fully expressed. In contrast, Ang II seems to stimulate membrane PKC activity to a value where it still requires higher Ca2" concentrations. The additive effect of both signals could thus explain the augmentation of Ang 11-stimulated prostacyclin production in the presence of PMA.
